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F o r P e e r R e v i e w Variable geometry turbochargers (VGT) and exhaust gas recirculation (EGR) valves are widely installed on diesel engines to allow optimized control of intake air mass flow and exhaust gas recirculation ratio. The positions of VGT vanes and EGR valve are predominantly regulated by dual-loop Proportional Integral Derivatives (PID) to achieve predefined set points of intake air pressure and EGR mass flow. The set points are determined by extensive mapping of the intake air pressure and EGR mass flow against various engine speeds and loads concerning engine performance and emissions. However, due to the inherent nonlinearities of diesel engines and the strong interferences between VGT and EGR, an extensive map of gains for P, I, and D terms of the PID controller is required to achieve desired control performance. The present study proposes a novel fuzzy logic control scheme to determine appropriate positions of VGT vanes and EGR valve in real-time. Once determined, the actual positions of the vanes and valve is regulated by two local PID controllers. The fuzzy logic control rules are derived based on an understanding of the interactions among the VGT, EGR and diesel engine. Simulation results obtained from a validated 1D transient diesel engine model showed that the proposed fuzzy logic control scheme is capable of Diesel engines are high-efficiency compression-ignition engines that consume less fuel and produce lower carbon and hydrocarbon emissions compared to spark-ignited petrol engines (1). However, due to the compression-ignition operation, high compression ratios are required for the ignition of fuel which results in increased combustion temperatures and hence high nitric oxides formation (NOx) (2) . Several combustion strategies can be found in the literature for the reduction of NOx formation in compression engines such as multiple F o r P e e r R e v i e w injection strategies (3, 4) , in-cylinder water injection (5), exhaust gas recirculation (6) and others. Exhaust gas recirculation (EGR) is one of the most effective ways for reducing NOx levels efficiently with relatively low cost. By reintroducing a certain amount of exhaust gas into the inlet manifold, the oxygen concentration is reduced and thus NOx formation is restricted due to a less intense combustion with lower temperature (7) . The amount of exhaust gas flowing back to the inlet manifold is controlled by a movable piston valve. An accurate control of the EGR flow is necessary to avoid an oversupply of EGR which can result in a negative effect on soot emission, engine performance, and stability. For increasing the volumetric efficiency and specific power, modern diesel engines are equipped with an exhaust gas driven turbocharger. The turbocharger is mandatory to perform sufficiently even at the highest operating speeds and loads of the engine (8) . This often requires the selection of a big turbocharger with a poor performance at low speed and load conditions which leads to turbo lag effect during transient operation. A variable geometry turbocharger (VGT) can be used for improving the performance of the engine at low engine speed and load conditions. The movable vanes of the turbine can restrict the gas flow though the turbine and work in a similar manner as a smaller turbine would do. Moreover, this can eliminate the need for a waste-gate as the adjustment of the vanes position can control the pre-turbine pressure of the engine and assist the EGR supply (9) . The adjustment of the movable vanes of the turbine and the EGR valve`s piston is achieved by controllers. The most widely used VGT and EGR controllers in mass-produced ground transport engines are the proportional integral derivative (PID) controllers (10) . This control system is often based on a dual-loop PID control structure. The control scheme regulates inlet pressure and EGR ratio based on a number of set points obtained from two predefined maps. One loop uses a feedback signal from an inlet air pressure sensor to control the VGT position while the other uses feedback signals from two flow meters to control the EGR position. However, these two loops cannot work simultaneously due to the highly coupled nature of inlet pressure and flow. In other words, only one loop of the control can be activated depending on the operating condition of the engine. Another drawback of this control method is the fact that a map of PID gains has to be generated in order to cope with the inherent nonlinearity of the diesel engine system and the strong interference between VGT and EGR. This further increases the development and hardware cost of the engine. Model-based controllers as described in (11) , such as predictive controllers (12) , multivariable approach (13) , and robust controllers (14, 15) , are able to cope with the nonlinearity of a system well. However, they are relatively more difficult to be applied on a large production scale due to the high variability of engine parameters. Apart from this, mathematical models such as state-space models have to be simplified in order to reduce the computing time. Jankovic et al. (16) built a mean value diesel engine model based on the conservation of mass and energy and the ideal gas law. The authors neglected the heat transfer to the surroundings and several nonlinear functions in the controller were held constant for simplifying its implementation. Abidi et al. (17) developed a state-space diesel engine model for the control of VGT and EGR. For simplifying its performance and reducing the computing cost, the inlet temperature effect was neglected in the model. However, such simplifications sacrifice the accuracy of the models. Meanwhile, control algorithms based on the simplified state-space model are impractical due to the fact that some of the variables required by the model cannot be directly measured, i.e. turbo efficiency (18) . As a result, the implementation of these models is only practical for simulation studies or on particular engine operating conditions. Kuzmych et al. (19) developed a robust nonlinear controller based on a control-Lyapunov function. The obtained controller gain guarantees the global convergence of the system and regulates the intake flow and EGR flow in order to minimize F o r P e e r R e v i e w emissions. The simulation results confirmed the effectiveness of this approach. However, due to the nature of this control approach, it is also difficult to be implemented on a real engine. In the literature, intelligent systems have been proposed to improve the control performance of internal combustion engines. Bai et al. (20) developed an air mass model using a TakagiSugeno fuzzy neural network in their coordinated EGR-VGT control system which can predict the charged fresh air mass entering the cylinder. The simulation results of a TDI engine model verifies that the model enables a better control of the intake air mass, and thus improves the air-fuel-ratio control and reduces NOx emission in transients. Apart from this, a fuzzy logic controller proposed by Arnold et al. (10) is capable of controlling the VGT vanes and EGR valve simultaneously without using a model of the air path system, which results in a reduced usage of ECU`s memory by eliminating the need of maps. Simani et al. (21) proposed a fuzzy modeling approach oriented to the design of a fuzzy controller for regulating the fresh airflow of a diesel engine. In comparison to the current PID embedded strategy developed by BOSCH, a significant improvement in desired set-points tracking was obtained. Mastrovito et al. (22) used a multi-agent system (MAS) approach to manage the boost control process of a modern turbocharged diesel engine. The MAS controller performed better than the traditional PID controller in terms of promptness but also showed a good level of adaptivity, precision, robustness and stability. The authors highlighted that the use of fuzzy logic makes it possible to blend computed rules with heuristic rules. Moreover, fuzzy logic controllers have been previously used in diesel engines for controlling several other parameters, such as the urea dosage in a selective catalyst reaction system (23) or predict the engine performance, emission and combustion characteristic of a biodiesel run engine (24) . The controllers described above aim to achieve the optimal intake pressure and flow setpoints by regulating the positions of the VGT vanes and EGR valve. Consequently, these controllers require relevant engine calibration to determine the optimal intake pressure and flow at different engine speeds and loads with respect to engine performance and emissions. The proposed fuzzy logic control scheme provides an alternative approach to address the VGT and EGR control problem on a diesel engine. Instead of relying on predefined set-points for the intake air pressure and flow, the control scheme optimizes the VGT and EGR positions based on a set of fuzzy logic control rules developed after comprehensive studies of the interactions among the VGT, EGR and the engine. Two local PID controllers then regulate the VGT and EGR positions based on the control output of the fuzzy logic controller. The proposed approach, rather than indirectly controlling emissions by optimizing the intake pressure and EGR ratio, is directly monitoring the emissions formation and working towards meeting the targeted values. This eliminates complex control software developments and operates in a human decision-making approach.
Experimental apparatus 2.1 Test-bed description
A Caterpillar (CAT) 3126B truck engine coupled to a SCHORCH dynamometer was used for the validation of the 1D model used in this study (Table 1 ). The engine is equipped with a Garrett GT3782VA variable geometry turbocharger and a Pierburg EGR valve. An intercooler and an EGR cooler have been installed on the test bed for cooling the intake air and EGR gas respectively. The main specifications of the engine are listed in Table 1 . The engine is connected to two control platforms which are the CP Cadet and the dSPACE control desk. The engine tests are governed by the CP Cadet, which allows operation against a predefined driving cycle and also logs the test conditions and obtained results. Apart from the existing sensors built in for ECU and dynamometer control, additional sensors have been installed around the engine and have been wired to the dSPACE MicroAutoBox. These are,
• Two flow meters for measuring the intake air and EGR gas flows • Two pressure sensors for measuring the inlet and exhaust manifold pressures • An acceleration pedal position sensor for controlling the engine load • A shaft encoder for measuring the engine speed • Two emission analyzers for measuring the soot and NOx levels in the exhaust gas
The accuracy of the emissions analyzers is shown in Table 2 . Additionally, the installed VGT and EGR valve are equipped with position feedback sensors. Although the accuracy of the NOx emission analyzer is relatively poor, this is not a major issue for this study as the ultimate goal of the 1D model is to predict the trend of the results for evaluating the performance of the fuzzy logic controller.
Considered diesel engine air-path
The exhaust gas recirculation system of this engine setup is a high-pressure system where the EGR valve is located upstream the turbine while the EGR flow is delivered downstream the compressor. In a high-pressure EGR system, the EGR valve opening results in a reduction of the gas flow passing through the turbine while the maximum amount of EGR rate is dependent on the positive pressure gradient between the exhaust and inlet sides (7) . An alternative to the traditional high-pressure EGR system is the low-pressure system. In a lowpressure EGR system, the EGR valve is located downstream the turbine and the flow is delivered upstream the compressor inlet (25) . Alternative approaches with the hybrid implementation of the two systems or the implementation of a mid-route EGR system for two-stage boosted engines have also been reported in the literature (26) (27) (28) . The major airpath components of the Caterpillar 3126B engine test-bed are presented in Figure 1 . 21 
Model description and validation

1D transient engine model
In this work, a 1D transient engine model (see Figure 2 ) of the Caterpillar 3126B test-bed has been developed in AVL-BOOST platform. The model was developed based on the considered air path components of the engine as shown in Figure 1 . The components of the engine model are fully described in Table 3 . 
Main sub-models' configuration
The configuration of the Engine (E1) and Cylinders (C1 to C6) sub-models are described briefly in Table 4 and Table 5 . The engine friction was calculated using the SLM model proposed by Shayler et al. (29) . The combustion model used for this simulation is the Vibe 2-Zone. This model calculates two mass average temperatures (burned and unburned zone) and provides a more accurate prediction of the pollutants (NOx, CO, soot). The heat release characteristics are defined by the start of combustion (SOC), combustion duration (CD), shape parameter m, and parameter a. The values of these parameters were defined against the engine speed at full load and the details are shown in Table 6 . The prediction of NOx and soot emissions has been calibrated using the four parameters provided by the emission models which are the NOx kinetic multiplier, the NOx post-processing multiplier, soot the production constant, and the soot consumption constant. The heat transfer at the intake and exhaust ports was calculated using a modified Zapf heat transfer model (30) (see Equation (1) to Equation (3)). The heat transfer coefficient depends on the direction of the air flow. For air flowing out of and into the cylinder, Equation (2) and Equation (3) are adopted respectively.
The selection of the constant values used is shown in Table 7 . The configuration of the intake and exhaust ports sub-model is listed in Table 8 . The mass flow rates at the intake and exhaust ports were calculated from the equations for isentropic orifice flow considering the flow efficiencies of the ports determined by the steady state flow test rig. Equation (4) to Equation (7) were used to calculate the mass flow rate. For subsonic flow; Equation (5) is substituted into Equation (4); for sonic flow; Equation (6) is substituted into Equation (4). 
The flow coefficient varies with the valve lift. The valves lift and timing were calculated from the cam-lobe profiles provided by the manufacturer. The ECU sub-model fuel map is defined based on the CAT3126B engine. The map is a twodimensional look-up table with two inputs (engine speed and load) and one output (injected fuel amount per cycle) which gives the amount of fuel injected per cycle at a given engine speed and load. However, it is essential for the overall air/fuel ratio governed by the ECU sub-model to be maintained above 12 at all times. To build this map, the air intake behavior of the engine without the turbocharger and EGR valve was firstly studied, and the air intake mass flow curves were derived. The fuel map was then developed based on the air intake curves and further adjusted based on the experimental data.
The VGT sub-model was configured using the 'full model' method. The full model option predicts the performance and efficiency of the turbocharger based on the compressor and turbine maps derived from an engine gas stand.
Model validation
The engine model was validated against experimental results of the Caterpillar 3126B engine at various operating conditions. For this work, a perfect match between simulation and experimental results is not necessary as the engine model is used for understanding the performance and emissions trend. The model is only used as a platform for developing and evaluating the controllers and not improving the engine itself. However, the validation process is necessary to confirm that the model is robust and reliable, and it behaves and performs in a similar manner to the real engine.
In order to acquire the data that can be used to validate the engine model, two sets of experimental tests were carried out on the test-bed. The load demand, VGT, and EGR settings are listed in Table 9 . During each set of the engine tests, the engine speed was fixed as 1000 rpm, 1250 rpm, 1440 rpm, 2000 rpm, and 2400rpm respectively. At each engine speed, the steady-state readings of inlet pressure, engine torque, soot, and NOx were F o r P e e r R e v i e w recorded. These are the parameters used to validate the engine model. The simulation results were compared with the experimental data to validate the engine model. In each set of simulations, the load and EGR position of the engine model were set according to the values listed in Table 9 . At each engine speed, VGT position was controlled by a PID controller to achieve the same inlet pressure as it was measured on the engine test-bed. Table 9 . Experiments carried out on the Caterpillar 3126B engine test-bed to collect the data required for the model validation, '100' means fully open, '0' means fully closed (100% load equals to a load demand of 1 as shown in Figures 10 and 11) .
Load, % VGT position, % EGR position, %
Once the targeted inlet pressure is achieved and stabilized, the values of the other three parameters were recorded and compared with the experimental results. This validation process mainly aims to understand, 1. Whether the air intake behavior of the engine model is in good agreement with that of the CAT3126B engine. At the same engine speed, if the inlet pressure is the same, according to the ideal gas law, the air mass flow should be the same, given that the inlet temperature is the same; 2. Whether the fuel injection map is set correctly compared to the fuel injection of the engine. This can be found out by comparing the mass of fuel injected per second and AFR between the simulation results and the experimental results; 3. Whether the emission models for soot and NOx have been calibrated correctly compared to the real engine measurements. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w the conditions tested. This can confirm a trustworthy model that can be used for assessing the performance of the proposed fuzzy logic controller. 4 . Proposed fuzzy logic control scheme 4.1 Overall control structure A Sugeno-type fuzzy logic control scheme (31) has been developed to control the VGT vanes and EGR valve for improving engine`s fuel consumption and reducing emissions under realtime transient operating conditions. The overall control structure is shown in Figure 7 A symmetric Gaussian function has been applied for each control input variable which is defined by two parameters, σ and c as given by Equation (8) . The output variables membership functions are the Sugeno constant type. 
Control Rules for VGT and EGR position
The existing VGT PID control approach aims to produce the boosted pressure required without considering the actual working condition of the turbocharger. However, it is essential the following factors to be considered: 1. Restrict the operation of compressor beyond the surge and choke lines to avoid turbocharger failure. This is addressed by Rules 1-3 listed in Figure 8 . 2. Restrict excessive boosting to avoid engine failure. This is addressed by Rules 9 and 10 listed in Figure 8 . 3. Keep the VGT open whenever possible to reduce unnecessary pumping losses. This is addressed by Rules 4-8 and 11-15 listed in Figure 8 . 4. Achieve high enough back pressure to achieve targeted EGR rates. This is addressed by Rules 16-18 listed in Figure 8 .
Considering all control requirements listed above, a total of 18 fuzzy logic rules, presented in Figure 8 , have been proposed for the VGT control. Rules 1-3 govern the VGT position with respect to the engine speed. When selecting a turbocharger, it is mandatory to be of the right size for operating even at extreme engine speed and load conditions. As a result, when the engine is operating in the low-speed range, the reduced exhaust gas flow does not have sufficient energy to propel the turbine wheel. For this reason, the vanes of the turbine need to be positioned in the closed range to represent a smaller size turbocharger. On the other hand, at high engine speeds, the VGT vanes should be positioned in the open range. This will prevent the compressor from working beyond the choke line which is an indication of deteriorated efficiency. This can also reduce back pressure which leads to reduced pumping losses. Rules 4-8 govern the VGT position with respect to the engine load. When the engine is running at a high load, the demand for fuel and oxygen is higher. In order to supply the engine with the required oxygen, the VGT vanes should be positioned in the closed range. When the load is low, the demand for fuel and oxygen levels are relatively low. Consequently, the VGT vanes should be positioned towards the open range for reducing pumping losses. Rules 9 and 10 set the boost pressure limit of the engine. When the boost pressure is approaching the maximum allowed limit, the VGT vanes must move towards the open position for avoiding engine`s failure. Rules 11-15 adjust the VGT position with respect to the opacity of the exhaust gas. These rules are placed to provide a higher boost pressure, and hence oxygen for soot oxidation, when the opacity of the exhaust gas exceeds the predefined values. Rules 16-18 adjust the VGT position with respect to the EGR valve position. This allows producing the necessary back pressure needed for recirculating part of the exhaust gas to the inlet manifold through the EGR valve.
High recirculated exhaust gas rates can have a significant adverse effect on the engine performance. Therefore, the control of EGR should adequately address the trade-off between emissions and performance which is to minimize the effect on the performance of the engine while reducing NOx formation. Based on experimental studies, the EGR valve should only be opened during medium engine speeds with high NOx emission conditions. The following three fuzzy logic control rules have been proposed for the EGR control, 1. If ENGINE SPEED is medium and LOAD is medium, and NOx is not low, then EGR POSITION is Open 2. If ENGINE SPEED is medium and LOAD is medium, and NOx is low, then EGR POSITION is Closed 3. If ENGINE SPEED is not medium and LOAD is not medium, then EGR POSITION is Closed
Control outputs
The control outputs of the controller are the required positions of the VGT vanes and EGR valve. Each control decision is made by computing the final output of the Sugeno fuzzy inference system. The Sugeno (also known as Takagi The output level z of each rule is weighted by the firing strength w of the rule, which can be acquired by Equation (9) . ‫ݓ‬ = ‫ܨ‪݀ሺ‬‪ℎ‬ݐ݁ܯ݀݊ܣ‬ ଵ ሺ‫ݔ‬ሻ, ‫ܨ‬ ଶ ሺ‫ݕ‬ሻ, … , ‫ܨ‬ ሺ‫ݎ‬ሻሻ Equation (9) where ‫ܨ‬ ଵ ሺ‫ݔ‬ሻ, ‫ܨ‬ ଶ ሺ‫ݕ‬ሻ, … , ‫ܨ‬ ሺ‫ݎ‬ሻ are the membership functions for inputs 1, 2, … , n. The final output of the fuzzy inference system is the weighted average of all rule outputs, which is given by Equation (10) .
Equation (10) where ܰ is the number of rules.
VGT and EGR position local control
The VGT and EGR installed on the test bed have feedback channels which monitor the actual positions of the VGT vanes and EGR valve. Two local PI controllers were built to regulate the positions of the vanes and valve. Figure 9 shows the VGT vanes and EGR valve positions against the set points generated by the fuzzy logic controller. It shows that the VGT and EGR positions have followed the position references generated by the proposed fuzzy logic controller within acceptable errors. It is worth mentioning that using PID controllers to regulate VGT and EGR positions is easier than regulating inlet pressure and mass flow due to that fact that fewer nonlinearities are involved.
(a) (b) Figure 9 . Performances of the local PI controllers: (a) VGT control, (b) EGR control.
Results and discussions
Proposed control scheme compared to PID control
The PID control technique is the most dominating structure of feedback control at present (33) . In this study, the PID control technique has been chosen as the baseline to assess the effectiveness of the proposed fuzzy logic control scheme. Map set-points for VGT and EGR mass fraction, Equation (11), control are generated by predefined tables that take engine speed and load demand as input signals. The predefined maps were developed to optimize the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w engine`s efficiency and reduce emissions with reference to the trade-off between NOx, soot, and brake specific fuel consumption (BSFC).
Equation (11) In order to generate the required set-points of inlet pressure and EGR mass fraction, investigations of how AFR and EGR mass fraction affect the engine performance and emissions have been carried out using the transient engine model. Results show that high AFR lead to increased torque, better fuel consumption, less soot, but higher NOx levels. On the other hand, high EGR mass fractions, lead to low AFR, in-cylinder temperatures, BMEP and higher BSFC with increased soot and reduced NOx emissions. Therefore, a compromise has to be made when determining the appropriate AFR and EGR mass fraction values. The set-points of AFR and EGR mass fraction selected are those producing the lowest possible combination of both soot and NOx emissions. Figure 10 shows the set-point maps generated for the PID control. As discussed and suggested by both Arnold et al. (10) and Diverak et al. (34) , due to the negative impact of the EGR gas on the performance and stability of the engine, EGR valve should only be opened within a restricted area of the set-points map. In this study, the EGR valve opens only when the following conditions are met, 1. Engine speed is between 1400rpm and 2200rpm, and 2. Load demand is less than 0.5.
Similar conditions have been incorporated in the fuzzy logic control rules for the EGR control (see section 4.2.2). However, the definitions of the range of engine speed and load are not as explicit as it has been defined above. Instead, fuzzy set and membership function (35) were used to describe the range of the engine speed and load in fuzzy logic control. In fuzzy logic control, a statement is described by a matter of degrees between 1, and 0 rather than an explicit number.
(a) (b) Figure 10 . Set-points maps generated for PID control: (a) inlet pressure map; (b) EGR mass fraction map.
Due to the strong interference between the VGT and EGR valve in a production PID controllers system, the VGT is controlled dependently on the status of the EGR valve (10) . In order to assess this interference between the VGT and EGR valve, the following two PID controllers were deployed, 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The responding performances of the PID controller 1 and 2 were assessed under transient simulation mode. In transient simulation mode, a load demand curve needs to be defined. The torque produced by the engine will depend on the load demand curve defined. The change in engine speed is proportional to the difference between the torque produced by the engine and the torque of the resistance load. A positive difference induces an increase in engine speed, whereas a negative difference induces a decrease in engine speed. In order to evaluate the controllers under different engine operating conditions, the load demand trace used covers various driving patterns such as sharp load change, normal load change, and cruise. Besides, the simulations cover almost the full range of engine speeds and torques. The load demand curve is shown in Figure 11 . The coefficients for P, I, and D terms were tuned at various operational points to achieve the desired control performance considering the rising time, overshoot, settling time, steady-state error and stability (36) . Figure 12 and Figure 13 show the responding performance of these two PID controllers. It can be seen that with the same gain schedules for P, I, and D terms, the control responding performances of the PID controller 1 are better due to fewer interactions between the VGT and EGR control. However, because the VGT vanes have to be kept open when the EGR valve is open (see Figure 14) , the engine performance and emissions output are worse than that in the PID controller 2. This was the reason that in this paper, the fuzzy logic controller was compared with PID controller 2. The simulations were set to transient running mode. Figure 15 shows the comparison of simulation results between the fuzzy logic control scheme and the PID control baseline testing under the same load demand curve ( Figure 11 ). The comparison investigates the differences in performance and emissions output of the engine between the control approaches. The fuzzy logic control scheme controls the VGT and EGR based on predefined fuzzy logic rules while the baseline PID controllers' system aims to achieve the predefined optimal inlet pressure and EGR mass fraction by regulating the VGT vanes and EGR valve. Figure 15 (a) presents the comparison of the VGT positions between the fuzzy logic control scheme and the conventional system. The variation range of the VGT position between the two control systems is in the range of 0.2 to 0.6 while at around 10-15, 20 and 30 seconds is of the same level. However, the VGT positions of the fuzzy logic control scheme were generally lower than that of the PID control. This is attributed to the fuzzy logic control Rule 12 and Rule 13 which are defined to reduce the soot emission as much as possible without ignoring turbocharger`s efficacy and safety. Figure 15 (b) shows that the EGR valve position of the model with fuzzy logic control scheme varied more actively compared to that of the PID controller during the whole transient period. Figure 15(c) shows the engine speed and torque traces comparison between the fuzzy logic control scheme and the conventional system for the same load demand (Figure 11 ). It can be seen that both of the engine speed and torque traces of fuzzy logic control scheme almost overlap the traces of the engine with the conventional system. At around 25s, both of engine speed and torque of the fuzzy logic-controlled engine are slightly higher than that of the baseline PID controller. This is happening although the fuel amount injected for both approaches is the same (Figure 15(d) ) which translates to a more useful work performed by the engine when VGT and EGR are controlled by the fuzzy logic scheme. Figure 15(d) shows the comparisons of the injected fuel mass and AFR of the engine between the fuzzy logic and conventional control systems. The injected fuel mass curves are identical reflecting the same load demand. On the other hand, the AFR of the engine with the fuzzy logic control scheme is higher than the conventional system as a result of applying the fuzzy logic control rules. This increased AFR has significantly contributed on the reduction of the engine`s soot formation. Figure 15 (e) illustrates the engine BSFC and turbo total efficiency traces, Equation (12) . It can be seen that the BSFC of the engine with the fuzzy logic scheme is generally lower than that of the engine with the conventional system. This suggests a higher engine efficiency, especially at around 25s of the test. The turbo total efficiency of the fuzzy logic control scheme was maintained at around 0.3 which is higher than that of the conventional system particularly during the first five seconds and between 20s and 30s of the test.
Equation (12) where ߟ ் is the mechanical efficiency of the turbocharger, ߟ ௦,் is the isentropic turbine efficiency and ߟ ௦, is the isentropic efficiency of the compressor.
Finally, Figure 15 (f) shows the soot and NOx emissions produced during the test. It can be seen that both NOx and soot emissions produced by the engine with the fuzzy logic control scheme were lower than that of the conventional system, especially at medium to high engine speed and torque ranges. The reduction of NOx and soot emissions was in the range of 34% and 82% on average during the whole transient period events. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Conclusions
In this paper, a novel fuzzy logic control scheme has been proposed and tested. The control scheme consists of a fuzzy logic control strategy and two local PID controllers. The fuzzy logic control strategy determines the positions of the VGT vanes and EGR valve in real-time with the aim to optimize the engine`s efficiency and emissions output by considering the trade-off between NOx and soot emissions, and the trade-off between NOx and engine BSFC. The strategy relies on a set of fuzzy logic control rules which were developed based on comprehensive studies of the interactions between the VGT, EGR, and the engine. The actual positions of the VGT vanes and EGR valve are then controlled by two local PID controllers. It takes less effort for the local PID controllers to regulate the VGT and EGR positions against set-points of position than to regulate the VGT and EGR positions against set-points of intake air pressure and EGR rate due to fewer complexities and nonlinearities. The robustness of the fuzzy logic control scheme has been evaluated and published in (37) . The proposed control scheme requires soot and NOx measurements as control input signals. These signals can be made available by using either actual or virtual sensors. Virtual sensors for predicting Soot and NOx concentrations have been well discussed in the literature (38) (39) (40) , while actual sensors are available for automotive applications. The effectiveness of the proposed control scheme has been assessed by comparing it with the conventional PID controllers' approach on a 1D transient diesel engine model developed using AVL-BOOST software. The main conclusions obtained from the simulation results are: 1. Under transient simulation mode, the engine speed and torque curves of the fuzzy logic control scheme and the baseline PID control approach almost overlap each other when the same load demand is provided. Although the injected fuel mass was the same, at low to middle engine speed ranges, the engine speed and torque of the baseline PID control were slightly lower than that of the fuzzy logic control scheme. 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w This can be due to a number of differences on AFR, turbo total efficiency, and EGR valve positions between the two approaches; 2. The total turbo efficiency of the fuzzy logic control scheme was higher than that of the baseline PID control approach. On the other hand, the BSFC of engine with the fuzzy logic control scheme was lower, especially under acceleration events; 3. The soot and NOx emissions of the engine controlled by the fuzzy logic control scheme were both lower by 34% and 82% respectively than that of the baseline PID control approach. This high reduction occurs mainly during the acceleration conditions. However, it is advised as future work that the level of reduction to be confirmed in a higher fidelity 1D model.
Finally, the research work presented in the paper showed that the fuzzy logic controller can improve engine`s efficiency and reduce soot and NOx emissions compared to the PID controllers' approach. On the other hand, this also can suggest that the predefined set-points maps used for the conventional control system could be potentially improved with the aid of the proposed fuzzy logic control rules which consider additional factors such as turbo efficiency, back pressure and others.
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Nomenclature
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